The aim of this study was to determine the degree to which the epidermis and oral epithelium of species other than man express cytokeratin (CK) intermediate filaments, which are markers of epithelial differentiation. Fixed, wax-embedded samples of skin, buccal mucosa and gingiva from rhesus monkey, marmoset, cow, sheep, pig, ferret, hamster, axolotl and trout were tested for CK expression using a panel of antihuman CK antibodies and an immunoperoxidase procedure. Human skin and oral mucosa were also stained to act as positive control. The results showed that antihuman CK antibodies stained animal tissues, but the patterns of staining were not always identical to the established human CK profile. Of particular interest was the expression of CK18, typically only detected in ' simple ' epithelium in man, in bovine, ferret and hamster stratified epithelium from different sites. However, there was evidence of variable anti-CK antibody cross-reactivity, both as a result of intrinsic variations in CK polypeptide structure and as artifacts of fixation. We conclude that some CK are conserved between species, but that biological variables, for example local functional requirements, and technical factors affect the results. These considerations need to be borne in mind in animal studies of epithelial differentiation employing CK immunohistochemistry. Biochemical characterisation is ultimately necessary to determine specific differences between human and animal CK. 

In mammalian epithelial cells, cytokeratin (CK) intermediate filaments form part of the cytoskeleton. At least 20 CK polypeptides are known to exist, and these are divided into the neutral or basic type II CK numbered 1-8, and the acidic type I CK numbered 9-19 (Moll et al. 1982) . CK expression conforms to several ' rules ' (Sun et al. 1984) , and although not fully categorised, there is evidence that each epithelial cell expresses a CK pair, one type I and one type II, the CK phenotype reflecting the differentiation pathway the cell has followed. The type I CK of each pair is about 8 kDa smaller than its type II counterpart (Cooper et al. 1985) . The CK profile of human oral stratified squamous epithelium (SSE) has been documented (Morgan et al. 1987 ; Heyden et al. 1992 ; Pelissier et al. 1992) and is broadly similar to the CK Correspondence to Dr A. W. Barrett, Department of Oral Pathology, Eastman Dental Institute for Oral Healthcare Sciences, 256, Grays Inn Road, London WC1X 8LD, UK. Tel : j44 171 915 1055 ; fax : j44 171 915 1213 ; e-mail A.Barrett!eastman.ucl.ac.uk profile of epidermis. By contrast, we have recently reported that the SSE covering bovine oral mucosa is positive for CK18 (Berkovitz et al. 1997) , a CK paired with CK8 and present in man in ' simple ' epithelia, e.g. ductal cells, but which may be expressed by human keratinocytes (KC) undergoing malignant change (Lan Su et al. 1994) . Neither does the profile of CK mRNA expressed in the hamster cheek pouch match precisely that of human cheek mucosal SSE (Baert et al. 1995) , suggesting that epithelia in other animal orders and classes do not conform to the human CK differentiation phenotype. The aim of this study was to determine the degree to which the epidermis and oral epithelium of a range of species, mammalian or otherwise, express the same CK markers of epithelial differentiation as those previously reported in human skin and oral mucosa.
  

Sources of tissue
Samples of skin, buccal mucosa and gingiva were dissected from specimens at death and fixed in Perfix (Fisher Scientific, New Jersey). Material from a single specimen of the following species was used : an Old World monkey, (rhesus monkey, Macaca mulatta), a New World monkey (marmoset, Callithrix jacchus), 2 herbivorous ungulates (domestic cow, Bos taurus, and sheep, Ovis aries), an omnivorous ungulate (pig, Sus scrofa), a carnivore (ferret, Mustela putorius furo), a rodent (golden hamster, Mesocricetus auratus), an amphibian (axolotl, Ambystoma mexicanum) and a fish (trout, Salmo gairdneri). Cow, sheep and pig material was obtained from an abattoir, the trout was obtained from a fish farm, and the remaining material was obtained following the culling of animals using a Schedule 1 procedure. Monkey material was derived from animals which had been preserved in fixative after killing. Human skin, from adjacent to the abdominal autopsy incision, and oral mucosa from the hard palate, gingiva and cheek was taken postmortem within 24 h of death and fixed in neutral buffered formalin. All tissue was fixed and processed to paraffin wax and sections cut at a thickness of 8 µm. For each sample, a section was prepared and stained with haematoxylin and eosin (H&E). In order to identify glandular tissue in axolotl and trout, additional sections were stained with periodic acid\ Schiff reagent (with and without diastase) and Alcian blue using standard methods (Cook, 1990) .
Immunohistochemistry
Immunohistochemistry was performed using a streptavidin-biotinylated immunoperoxidase reaction as previously described (Berkovitz et al. 1997 ). Sections were incubated in a 1\5 dilution of normal swine serum (Dako, High Wycombe, UK) for 10 min, and then with one of the primary anti-CK antibodies listed in Table 1 for 1 h. The benefits or otherwise of enzyme digestion for antigen retrieval were determined by heating some sections to 37 mC and immersing them in 0n1 % trypsin\CaCl # adjusted to pH 7n8 for 10 min. After washing, all sections were incubated in a 1\200 dilution of biotinylated swine (' Multilink ') immunoglobulin (Biogenex, San Ramon, California, USA) for 30 min. After further washing, the sections were incubated in streptavidinbiotin-peroxidase complex (Biogenex, 30 min) and positive cells were visualised with diaminobenzidine\ H # O # . Sections were counterstained with Harris' haematoxylin. The negative controls were replacement of the primary antibody with normal swine serum, and preincubation of the primary antibody with the peptide antigen. The sections of human skin and oral mucosa served as positive controls. All antibodies were diluted in phosphate buffered saline and reactions carried out at room temperature unless otherwise specified.
The intensity of positive reactions was subjectively assessed as weak (j) or strong (jj), and the distribution of positive cells was noted as focal, diffuse (i.e. full thickness), basal or suprabasal.

Patterns of keratinisation in animal stratified epithelium
The epidermis of all mammals was orthokeratinised, but oral epithelium varied both regionally and in the nature of keratinisation. The variations are summarised in Table 2 . Axolotl and trout epithelium were not directly comparable to mammalian SSE. In the axolotl, a thin, stratified epithelium covered the 
CK profile of human oral mucosa and skin
The results of staining in human tissue are detailed in Table 3 . The staining reaction benefitted by prior trypsinisation of sections with all antibodies except that to CK14. There was strong expression of CK4 in the stratum spinosum and of CK13 throughout the suprabasal layers in the nonkeratinised and parakeratinised SSE of the buccal mucosa. An anomalous observation was that of strong CK13 expression in the basal stratum of orthokeratinised epidermis, with concurrent weak expression suprabasally. In the suprabasal KC of the orthokeratinised SSE of the skin and hard palate, CK10 expression was prominent, but at a more superficial level in palatal SSE. CK14 expression was generally restricted to basal KC, but suprabasal expression was seen focally in palatal and gingival epithelium. The latter, which is normally ortho-or parakeratinised, showed CK expression patterns intermediate between keratinised and nonkeratinised oral SSE, with not only suprabasal CK4 and 13 expression, but also focal CK10 positivity. Where present, the layer of ortho-or parakeratin did not stain with any antibody. The antibodies MNF116 (which react with CK 5, 6, 8, 17 and 19) and PCK-26 (which reacts with CK 1, 5, 6, and 8) stained both stratified and glandular epithelia. PCK-26 also stained endothelial cells and striated muscle. In the KC of epidermis and oral SSE, there was no expression of ' simple ' CK, with the exception of CK18 and CAM 5n2 (which reacts with CK 8, 18 and 19)-positive Merkel cells in the stratum basale in palate. Merkel cells were not seen in skin. In salivary gland, ductal epithelial cells were positive for CK18, CK19 and CAM 5n2 as well as MNF116 and PCK-26, but acini were universally negative. Adnexal epithelium in skin was CAM 5n2-positive, CK13-positive, CK14-positive in the deeper sweat ducts, and CK10-negative. Sweat gland acini were weakly CK14-positive. These results confirmed that the antibodies worked in fixed, wax-embedded tissue. 
Variations in CK profile between species
The CK profile of mammalian epithelium was comparable to that in human in many cases, for example basal CK14 in porcine buccal mucosa (Fig.  1 ). There were nevertheless differences in the distribution outlined in Table 3 , where the staining in animal sections was strong or weak where in the human it was negative, or negative where in humans it was positive. The mammalian CK profiles were as in Table 3 , with the following exceptions.
Variations in mammalian CK showing strong staining. These are summarised in Table 4 . There was strong suprabasal expression of CK13, a marker of non-or parakeratinised SSE in man, in areas of orthokeratinised oral SSE in sheep, cow, pig and hamster. Basal CK13 expression was present in the epidermis of rhesus monkey, sheep and hamster, and in at least one region of the oral SSE of all mammalian species. Strong suprabasal expression of CK4 was observed in orthokeratinised bovine (Fig. 2) and hamster oral SSE.
Suprabasal CK14 expression was seen in the gingiva of rhesus monkey and cow. In no mammal was there strong, unexpected expression of CK10 in nonkeratinised oral SSE. Fig. 1 . CK14 in nonkeratinised pig buccal mucosa. As in human SSE, only basal KC are positive. i63, streptavidin biotinylated immunoperoxidase. Fig. 2 . CK4 in bovine orthokeratinised oral SSE. There is strong suprabasal positivity despite CK4 being a differentiation marker of nonor parakeratinised SSE in man. The basal layer (arrows) is negative. i25, streptavidin-biotinylated immunoperoxidase. Fig. 3 . In bovine gingiva, which is covered by a thick layer of orthokeratin, there is CK18 expression. i25, streptavidin biotinylated immunoperoxidase. Fig. 4 . In bovine nonkeratinised buccal SSE, a salivary duct (arrow) is positive as well as the SSE. i16, streptavidin biotinylated immunoperoxidase. Fig. 5 . The orthokeratinised SSE of hamster buccal mucosa shows full thickness expression of CK18. i63, streptavidin biotinylated immunoperoxidase. Fig. 6 . In marmoset epidermis, the epidermis is CAM 5n2-positive, but apocrine gland ducts (arrows) are negative. i16, streptavidin biotinylated immunoperoxidase.
CK18, restricted to ' simple ' epithelia in man under normal circumstances, was strongly expressed by both non-and orthokeratinised SSE covering bovine oral mucosa (Figs 3, 4) . Suprabasal CK18 was also seen in the buccal mucosal SSE of hamster (Fig. 5) , and with CAM 5n2 in marmoset epidermis though not in the adnexal glands (Fig. 6 ). Merkel cells were not seen in any species.
PCK-26 (CK 1, 5, 6, and 8) and MNF116 (CK 5, 6, 8, 17 and 19) were positive in all stratified epithelia of all mammals, but an unusual pattern of MNF116 expression was seen in the ferret, where oral SSE was strongly positive but epidermis was negative.
Variations in mammalian CK showing weak staining. Weak suprabasal CK13 expression was a feature of orthokeratinised epidermis in rhesus monkey, sheep and pig. There was corresponding weak CK4 at the same site in these 3 species, and expression of CK4 in marmoset epidermis where CK13 was negative. Suprabasal CK13 and CK4 distribution was weak in buccal mucosa (where it is strongly positive in the human equivalent) in rhesus monkey, marmoset, pig, ferret and hamster. CK14 was only focally expressed by basal KC in the epidermis of marmoset, pig and ferret and the oral SSE of marmoset and cow. CK10 expression was weak in the keratinised gingiva of rhesus monkey, sheep, cow and hamster. Although weak, at the junction of ortho-and nonkeratinised bovine SSE the CK10 staining pattern could be seen to change (Fig. 7) . Hamster epidermis showed strong expression of CK10, but the buccal mucosa, which was also orthokeratinised in areas, merely showed weak expression (Fig. 8) .
Variations in mammalian CK showing negative staining. CK14 was absent in basal KC of sheep at all sites. CK10 was negative in the parakeratinised gingival SSE of the ferret, despite the epidermis showing the expected strong, suprabasal distribution, and absent at all sites of marmoset and pig. CK19 was negative in all species other than man.
Glandular epithelia
CK13 was generally positive in the glandular epithelia of skin adnexae in rhesus monkey, sheep and pig. Although sheep sebaceous and sweat glands were CK13-positive, the apocrine glands were negative (Fig. 9) . Bovine salivary ductal epithelium was positive for CK18 (Fig. 3) , but also CK13 and CK14. CK4 was present in porcine salivary ducts. All marmoset glands, and hamster skin adnexae, were negative for these markers. Salivary glands were absent in the sections of rhesus monkey, sheep and hamster tissue, and no glands were seen in ferret tissues at any site. The monospecific antibody to CK18 was negative in all except bovine glands. By contrast, the antibodies to multiple CK labelled glandular epithelium in all species where it was identified. PCK-26, for example, was strongly positive in marmoset salivary glands and skin adnexae, which were negative for monospecific antibodies.
Axolotl and trout
Despite the different appearance of the surface epithelium in the axolotl, CK13 was again strongly expressed throughout the SSE with weak expression of CK4 and CK10. Glandular and nervous tissue in the connective tissue was also CK13-positive. The glands and goblet cells in the superficial epithelium contained PAS-positive material which was diastaseresistant and weakly Alcian blue-positive. The oral submucosa contained acinar structures resembling mucous salivary gland which were also PAS-positive following diastase digestion, but the acini were Alcian blue-negative. Immunohistochemically, these were strongly positive for antibodies to ' simple ' CK, PCK-26 and, notably, CK10 (Fig. 10) . In the trout, all antibodies were negative with the exception of PCK-26.

This study has demonstrated the presence of epithelial CK in the SSE and glandular epithelium of not only several mammalian orders, but also in an amphibian, suggesting that CK polypeptides share components which are phylogenetically conserved. However, although CK homology exists between species, antibodies to human CK do not produce identical CK profiles in epithelia from different species showing similar differentiation. We cannot state with certainty, on the basis of these findings, whether these differences reflect genuine differences in distribution, artifacts or fixation or species-specific variations. Cross-linking of target epitopes, leading to nonspecific staining, is an eventuality more likely to occur in formalin-fixed, paraffin wax-embedded sections than in frozen sections, but despite this disadvantage we opted for this medium not only because some of the experimental tissue had to be taken from preserved animals, but also because of the superiority of tissue morphology. The manufacturer's data suggested all antibodies were reactive in paraffin sections, and staining patterns in human tissue were, with the exception of basal CK13 expression in epidermis, identical to those previously reported in frozen sections (Morgan et al. 1987) . Furthermore, storage and transportation of material were facilitated.
The dilemma of artefactual staining was best demonstrated with CK13, a CK which, with its type II partner CK4, is normally expressed suprabasally by non-or parakeratinised SSE in cryostat sections of human oral mucosa (Morgan et al. 1987) . Like us, Heyden et al. (1992) used wax-embedded tissue and the same anti-CK13 antibody, but noted expression only in parakeratinised, and not orthokeratinised, oral SSE. We, however, observed atypical expression of CK13 in orthokeratinising SSE or in basal KC with a frequency to suggest that nonspecificity of antibody binding rather than a biological phenomenon was a more likely explanation for the finding. Nevertheless, CK13 staining was not indiscriminate since, in the parakeratinised buccal mucosa of rhesus monkey, marmoset and ferret, sites where strong CK13 positivity might be expected, expression was merely weak. In hamster buccal mucosa, expression of CK4 was strong, despite the fact that in areas the SSE at this site is orthokeratinised. Evidence to suggest that this represents a genuine variation from the human situation comes from experiments by Baert et al. (1995) , who demonstrated cross reactivity between human and hamster CK4 mRNA. The homology between the 2 species for this CK may therefore be close enough to support the view that CK4 is a true phenotype of orthokeratinised oral SSE in some species. Unfortunately, conclusions regarding CK13 homology cannot be made from this study since the appropriate probes were unavailable. Shabana et al. (1989) showed that, despite different molecular weights and isoelectric properties between porcine and human oral epithelial CK, there was close homology in CK differentiation markers, and indeed they used the same anti-CK4 antibody as the present work, but in frozen sections, with the same results as those reported here.
A striking finding of our study was that of CK18 expression in SSE of several species. In human SSE, only Merkel cells are CK18-positive (Morgan et al. 1987 ; Mackenzie et al. 1991) , but these were not seen in any but human sections in the present work. Presumably therefore there are subtle interspecies variations in the protein structure of Merkel cell CK which precluded their detection with the antibodies we used, as Merkel cells have been detected with antihuman CK antibodies in rabbit oral mucosa (Saurat et al. 1983 ). We identified CK18 not only in bovine oral KC (Figs 3, 4) , as previously reported (Berkovitz et al. 1997) , but also in those of the hamster (Fig. 5) and the epidermal KC of the marmoset (Fig. 6) . Similar reservations have to be borne in mind with these results as those with regard to CK13, but we previously observed CK18 in frozen as well as paraffin sections of bovine oral SSE (Berkovitz et al. 1997) , and bovine salivary ducts (which one would expect also to express CK18 based on human data) were also positive (Fig. 4) . It is therefore possible that mRNA for CK18, which is only translated in dysplastic or neoplastic human oral SSE (Lan Su et al. 1994) , is normally translated in SSE of other mammalian species. It is more likely that the epidermal CK18 expression demonstrated in marmoset may represent some cross reactivity with a stratified marker in this species, since adnexal epithelium was negative (Fig. 6) . That the staining patterns of the monospecific CK18 antibody, and that of CAM 5n2 (which binds human CK 8, 18 and 19) (Makin, 1986) were not always coincident in animal species might at least be partially accounted for by the findings of Smith et al. (1997) , who observed that CAM 5n2 did not cross-react in formalin-fixed rodent SSE. Cross-reactivity of this, and probably therefore other, human antibodies may vary between species.
It is thus difficult to predict whether CK in other species conform to the ' rules ' applied to human epithelium, or whether a set of rules exists for each species. If they do exist, the rules may be affected by different keratinisation patterns between species. Parakeratinisation is a physiological finding in oral epithelium, often in response to chronic trauma, but is invariably pathological in epidermis. Thus, as well as the caveats discussed above when determining the significance of our results, local factors too may be important in determining CK phenotype. Buccal mucosa, non-or parakeratinised in man, was parakeratinised at least focally in 4 mammals and orthokeratinised in 2 (Table 2) . We originally included in the study antibodies, such as MNF116 and PCK-26, that bind several CK on the premise that it might be possible to deduce which CK were responsible for positive staining by applying the CK pairing rules outlined in Table 1 . This proved impossible, at least in oral epithelium. For example, in human, marmoset and sheep buccal mucosa PCK-26 (CK 1, 5, 6 and 8) was positive and MNF116 (CK 5, 6, 8, 17 and 19) was negative. By deduction therefore, the PCK-26 positivity should indicate expression of CK1, and therefore, by the pairing rules (Table 1) , that CK10 is also positive. However, the CK10 was negative in all 3 species, as might be expected in SSE that is non-or parakeratinised.
In conclusion, human monoclonal antibodies to CK can be used to investigate CK in other species, and our findings suggest that some CK are conserved between species. However, the CK in some species which equate to terminal differentiation phenotypes have an altered primary or other polypeptide structure. The differences we have observed may be explained by true variations in differentiation pathways, but probably also reflect technicalities such as variable cross-reactivity between human antibodies and animal CK, the nature of the tissue analysed, and other biological variables such as the influence of local factors or functional requirements on translational mechanisms. These findings have implications for animal studies of epithelial differentiation, at least as assessed by CK immunohistochemistry, and clearly biochemical characterisation is ultimately necessary to determine specific differences between human and animal CK.
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